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Abstract
In supersymmetric axion models, if the gravitino or axino is the lightest SUSY particle (LSP),
the other is often the next-to-LSP (NLSP). We investigate the cosmology of such a scenario and
point out that the lifetime of the NLSP naturally becomes comparable to the present age of the
universe in a viable parameter region. This is a well-motivated example of the so-called decaying
dark matter model, which is recently considered as an extension of the ΛCDM model to relax some
cosmological tensions.
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I. INTRODUCTION
Supersymmetric (SUSY) version of the axion models have many good features: it solves
the gauge hierarchy problem, strong CP problem [1] and provides dark matter (DM) can-
didates (see Ref. [2] for a review of SUSY axion model). In particular, the existence of the
axino, fermionic superpartner of the axion, makes the cosmological scenarios rich depending
on its mass scale. Although model-dependent, the axino mass tends to be the same order
of the gravitino mass in many realistic setups [2–6]. Then it happens that if the gravitino
or axino is the lightest SUSY particle (LSP), the other naturally becomes the next-to-LSP
(NLSP). In such a situation, the NLSP decays into the LSP plus axion, with a very long
lifetime. Although this decay channel is an “invisible” process in a sense that all the grav-
itino, axino and axion hardly interact with other particles, such an invisible decay can leave
distinct features in cosmological observations. We point out that the abundance of NLSP
can be sizable and the lifetime of NLSP in this setup is naturally predicted to be close to
the present age of the universe for a reasonable scale of the Peccei-Quinn (PQ) symmetry
breaking and the reheating temperature. This is a well-motivated example of the decay-
ing DM scenario, which is recently studied in the context of solving/relaxing cosmological
tensions, explained below.1
Since the discovery of our Universe’s accelerated expansion, ΛCDM (cosmological con-
stant/dark energy + cold dark matter) has been becoming the standard paradigm for cos-
mology. Various experiments have confirmed this simple picture by measuring key ob-
servables precisely in cosmic microwave background (CMB), large scale structure (LSS),
expansion rate and so on. In spite of those successes, there are still some persistent ten-
sions between different measurements. One of the most notable tensions is the Hubble
constant H0 measured by Hubble Space Telescope [14] and Planck [15]. The latest analy-
sis [14] of HST data gives H0 = 73.24± 1.74km s−1Mpc−1, which is about 3.4σ higher than
the value given by Planck [15] within the ΛCDM model. Also, on the structure growth
rate σ8 (the amplitude of matter perturbation at scale around 8 Mpc), Planck data gives
σ8 = 0.815 ± 0.009, which is relatively larger than other low redshift measurements, for
example, σ8(Ωm/0.27)
0.46 = 0.774 ± 0.040 from weak lensing survey CFHTLenS [16], and
1 The gravitino (axino) decay into the axino (gravitino) and axion has been considered in some different
motivations [7–13].
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also about 2.3σ deviation with the recent result from the KiDS-450 survey [17]. Those ten-
sions deserve further investigations or improvements on the systematic uncertainties. On the
other hand, they could also indicate extensions of the standard ΛCDM model and guide to
new physics [18–34]. In Refs. [30, 31], a solution with decaying DM was proposed to resolve
the above two tensions simultaneously by modifying the late-time cosmological evolution,
where a sub-dominant component of DM (∼ 5%) decays with lifetime tD ∼ 1016s, shorter
than the age of Universe. On the other hand, Ref. [34] claimed that the decaying DM does
not drastically improve the situation, but still alleviates the tension in a right way especially
for tD longer than the present age of the universe. These observations may be regarded as
a hint for decaying DM, or in the conservative viewpoint they just give constraint on the
decaying DM scenario. In any case, the SUSY axion model is subject to these observations
and it is worth studying its implications.
In Sec. II we show that SUSY axion model naturally fits into the decaying DM scenario
for reasonable range of parameters. In Sec. III we construct an explicit model of SUSY
axion which is suitable for the present purpose. Several cosmological constraints will also
be discussed.
II. GRAVITINO/AXINO AS DECAYING DARK MATTER
In SUSY theories to address the strong CP problem, axino, the fermionic superpartner
of axion, is predicted [35]. Although the exact mass spectrum of axino ma˜ depends on the
details of model which we shall come back later, some models could have ma˜ of the order of
gravitino mass m3/2 [3–6]. Thus, if the gravitino or axino is the LSP, the other is often the
NLSP, and the NLSP naturally becomes a long lived particle (decaying DM).
The interaction among the gravitino, axion and axino is
Lint = − 1
2MP
∂νaψ¯µγ
νγµiγ5a˜, (1)
where MP = 2.4× 1018 GeV, a˜ is axino, a is the axion, and ψµ is the gravitino. We consider
two scenarios; (i) the gravitino NLSP + the axino LSP, and (ii) the axino NLSP + the
gravitino LSP.
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(i) In the models with the gravitino NLSP and the axino LSP, we obtain2
Γ(ψµ → a˜+ a) =
m33/2
192piM2P
(1− ra˜)2(1− r2a˜)3, ra˜ ≡
ma˜
m3/2
, (2)
where m3/2 and ma˜ denote the gravitino and axino mass respectively and we have
neglected the axion mass. When ma˜  m3/2 the decay width or lifetime of gravitino
goes as
Γ−1 ' 192piM
2
P
m33/2
' 2.35× 1015sec ·
(
1 GeV
m3/2
)3
. (3)
(ii) In the models with the axino NLSP and the gravitino LSP, we obtain
Γ(a˜→ ψµ + a) = m
5
a˜
96pim23/2M
2
P
(1− r−1a˜ )2(1− r−2a˜ )3. (4)
The above decay widths agree with [8–10] in the limit of massless final states.
Now let us discuss the abundances of the gravitino and the axino. The production rate
of gravitino depends on the temperature of thermal bath. The relic abundance of gravitino
is given by Refs. [36–38]
Ω3/2h
2 ' 0.02
(
TR
105 GeV
)(
1 GeV
m3/2
)(
M3(TR)
3 TeV
)2(
γ(TR)/(T
6
R/M
2
P )
0.4
)
, (5)
where TR is the reheating temperature after the inflation, M3(TR) is the running gluino
mass, and the last factor parametrizes the effective gravitino production rate whose value
changes as γ(TR)/(T
6
R/M
2
P ) ' 0.4–0.35 for TR ' 104–106 GeV [38]. Thermal gravitino pro-
duction occurs mostly by the scattering processes of particles with strong interaction. Since
the production is UV-dominant, higher reheating temperature gives larger relic abundance.
Here we neglect the possible non-thermal contribution from, for example, other SUSY par-
ticle’s decay, which are highly model dependent. In the numerical calculation, we use an
approximation M3(TR) = mg˜ × (g3(TR)/g3(mg˜))2, where mg˜ is the gluino mass and g3(µ) is
the running SU(3) coupling.
The axino production may be dominated by the scatterings of gluons and gluinos. In such
a case, the axino relic density depends on the axino mass ma˜, the reheating temperature TR
and the PQ symmetry breaking scale fa [39, 40],
Ωa˜h
2 ' 0.30× g3(TR)4
(
F (g3(TR))
23
)( ma˜
1 GeV
)( TR
104 GeV
)(
1012 GeV
fa
)2
, (6)
2 Actually there may be a relative phase between the gravitino mass and axino mass in the model basis.
This phase affects the decay rate through the term which is linear in ra˜.
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where the function F changes as F ' 24–21.5 for TR ' 104–106 GeV [40]. Here we assumed
the KSVZ axion model [41, 42]. In the DFSZ model [43, 44], the axino production would be
dominated by the axino-Higgs-higgsino and/or axino-quark-squark interactions and becomes
independent of the reheating temperature [45, 46].
To be complete, we also show the axion contribution to DM from the misalignment
production [47],
Ωah
2 ' 0.18θ2i
(
fa
1012 GeV
)1.19
, (7)
where θifa is the initial value of the misaligned axion field. Since we are interested in rela-
tively low reheating temperature (TR  fa), we naturally expect that the PQ symmetry is
not restored during/after inflation. Thus we do not need to take care of the axion production
from topological defects.
For convenience, we define the following useful quantity F :
ΩNLSPh
2mNLSP −mLSP
mNLSP
' FΩcdmh2, (8)
where Ωcdmh
2 ' 0.12 and F parametrizes the fraction of cold dark matter that is transferred
into radiation. This definition also contains the case where mNLSP is close to mLSP and the
LSP remains non-relativistic.
In Fig. 1, we show the results for the gravitino NLSP scenario in the plane of m3/2− TR,
with gluino mass mg˜ = 3 TeV and ma˜ = 0.4m3/2. The blue dotted and dot-dashed curves
give Ω3/2h
2 + Ωa˜h
2 ' 0.12 with fa = 1012 and 1013 GeV, respectively. For fixed fa, regions
below the blue curves are allowed since the axion contribution to DM can compensate with
proper initial θi in Eq. (7). We also show the contours of the decaying DM fraction F = 4%,
8% and 25% in solid black, dashed purple and long-dashed orange lines, respectively, which
illustrates how the gravitino contribution shifts in the m3/2 − TR plane. Notably, within
the allowed parameter ranges the gravitino lifetime is rather close to the present age of the
universe t0 ' 4×1017s, and also its energy fraction to the total DM is sizable. Therefore, the
NLSP gravitino naturally becomes a good candidate of the decaying DM. The parameter
region between the two vertical gray dashed lines may be interesting from the viewpoint of
cosmological tensions [30, 31], Γ ' 3.2 × 10−17 ∼ 1.6 × 10−16s−1 and F ∼ a few percent.
In addition, we also show the constraint on the decaying DM from Refs. [34] for Γ < H0
with red dotted lines in the upper part of the figure. The region inside this dotted triangle
is excluded by combination of various cosmological data. Conversely, the region near this
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FIG. 1: The relevant contours for the gravitino NLSP scenario in the plane of the gravitino
mass m3/2 vs the reheating temperature TR, for mg˜ = 3 TeV and ma˜ = 0.4m3/2. Contours of
Ω3/2h
2 + Ωa˜h
2 ' 0.12 are shown in blue dotted and dot-dashed curves for PQ scales fa = 1012 and
1013 GeV, respectively. Contours of the decaying DM fraction, F = 4%, 8% and 25%, are shown
in solid black, dashed purple and long-dashed orange lines, respectively. Region between the two
vertical gray dashed lines may be interesting from the viewpoint of cosmological tensions [30, 31].
Region inside the red dotted triangle in the upper part indicates the exclusion from Ref. [34].
red dotted line may be favored since the cosmological tensions are relaxed. For the case of
Γ > H0, Ref. [34] obtained an upper bound on F . 4%, which coincides with our solid black
line and, if robust, would exclude the region above.
Fig. 2 shows the case of the axino NLSP scenario, with fa = 2 × 1012 GeV and m3/2 =
0.4ma˜. In this case, a relatively lower reheating temperature TR is necessary to give a viable
DM relic density, which can be understood by comparing the mass scales in Eqs. (5) and (6).
For fixed mg˜, regions below the blue curves are allowed. As can be seen in the figure, there
is a parameter space between the two vertical gray dashed lines that might be interesting
for cosmological tensions. Again, the constraint from Ref. [34] is shown by the red dotted
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FIG. 2: The relevant contours for the axino NLSP scenario in the plane of the axino mass ma˜ vs the
reheating temperature TR, for fa = 2×1012 GeV and m3/2 = 0.4ma˜. Contours of Ω3/2h2 +Ωa˜h2 '
0.12 are shown in blue dot-dashed and dotted curves for the gluino mass mg˜ = 2 and 3 TeV,
respectively. Other lines are the same as Fig. 1.
triangle.
We emphasize that the allowed parameter regions are not so large in both cases and
hence it is the prediction of the gravitino/axino LSP scenario that the NLSP has a lifetime
comparable to the present age of the universe, as often considered in the context of decaying
DM model to relax the cosmological tensions.
III. A MODEL OF SUSY AXION
Now we provide one of the concrete setups of a SUSY axion model and its cosmological
implications. Let us consider a SUSY axion model with superpotential
W = λX(φφ¯− f 2) +Wφ +W0, (9)
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where φ and φ¯ are PQ scalars with global U(1) charges of +1 and −1 while X is neutral
under the U(1), W0 = m3/2M
2
P is a constant term and Wφ involves the coupling of φ with
some other sector to make the global U(1) anomalous under the QCD. In the KSVZ model
we have Wφ = yφQQ with Q and Q denoting the additional vector-like quarks and in the
DFSZ model we have Wφ = κφ
2HuHd/MP with Hu and Hd denoting the up- and down-type
Higgs doublets, which may also solve the so-called µ problem [48], although we focus on the
KSVZ model in this letter. We also assume gauge-mediated SUSY breaking model [49] to
make the gravitino mass much smaller than the soft SUSY breaking scale.
Without loss of generality, all the parameters in Eq. (9) are taken to be real and positive
by field redefinition. Including the SUSY breaking effects, the scalar potential is given by
V = m2φ|φ|2 +m2φ¯|φ¯|2 + λ2
(∣∣φφ¯− f 2∣∣2 + |X|2(|φ|2 + |φ¯|2))+ 2λm3/2f 2(X +X†). (10)
The soft masses are naively mφ ∼ mφ¯ ∼ O(m3/2) from gravity mediation effects. In the
KSVZ model, φ couples to Q and Q and hence it also receives soft masses from gauge medi-
ation effect. This gives negative contribution to the soft masses as m2φ
(GMSB) ∼ −y2m2soft/pi2
[50–53]. If this is dominant, we need some extra potential to stabilize the PQ field at appro-
priate field value. In the present analysis, we neglect it by assuming that y is small enough.
The potential minimum is
〈X〉 = − 2m3/2f
2/λ
〈|φ|〉2 + 〈|φ¯|〉2 , (11)
〈|φ|〉 = f
(
m2
φ¯
+ λ2 〈X〉2
m2φ + λ
2 〈X〉2
)1/4
+O
(
m2φ
f
)
, (12)
〈|φ¯|〉 = f (m2φ + λ2 〈X〉2
m2
φ¯
+ λ2 〈X〉2
)1/4
+O
(
m2
φ¯
f
)
. (13)
The PQ scale fa which appeared in the previous section is given by fa =√
2
(〈|φ|2〉+ 〈|φ¯|2〉)/NDW where NDW denotes the domain wall number which is equal
to unity in the simplest KSVZ axion model. Note that the phase of the product φφ¯, or
arg(φ) + arg(φ¯), is determined by minimizing the potential to be zero, but arg(φ)− arg(φ¯)
remains undetermined, corresponding to the axion. This freedom allows us to redefine the
phases so that arg(φ) = arg(φ¯) = 0. The mass matrix of the fermionic components are given
8
by
L = −1
2
(
X˜, φ˜, ˜¯φ)M

X˜
φ˜˜¯φ
+ h.c., M = λ

0
〈
φ¯
〉 〈φ〉〈
φ¯
〉
0 〈X〉
〈φ〉 〈X〉 0
 . (14)
Since 〈φ〉 , 〈φ¯〉  〈|X|〉, the two heavy mass eigenvalues are both found to be mheavy '
λ
√
〈φ〉2 + 〈φ¯〉2. Noting that det(M) = 2λ3φφ¯X ' 2λ3f 2X, the light mass eigenvalue is
given by
ma˜ =
∣∣∣∣∣ 2λf 2 〈X〉〈φ〉2 + 〈φ¯〉2
∣∣∣∣∣ = 4f 4m3/2(〈φ〉2 + 〈φ¯〉2)2 , (15)
This light state is identified with axino. Neglecting corrections of O(m3/2/f), the axino
mass eigenstate is
a˜ =
1√
〈φ〉2 + 〈φ¯〉2
(
−〈φ〉 φ˜+ 〈φ¯〉 ˜¯φ) . (16)
In general, 〈φ〉 ∼ 〈φ¯〉 ∼ f and hence ma˜ ∼ m3/2. Thus the gravitino mass is comparable to
the axino mass in this model. It is possible to make a slight hierarchy between the gravitino
and axino mass if either m2φ > m
2
φ¯
or m2φ < m
2
φ¯
so that
〈
φ¯
〉
> f > 〈φ〉 or 〈φ¯〉 < f < 〈φ〉.3
Let us briefly consider the saxion cosmology. Because of the holomorphic property of
the superpotential, the global U(1) indicates the existence of the flat direction in the scalar
potential, which is only lifted up by the SUSY breaking effect and it is identified with the
saxion. In the model presented above, there is a moduli space along φφ¯ = f 2 and the mass
of this direction is of the order of m3/2. The saxion begins a coherent oscillation when the
Hubble expansion rate becomes comparable to the saxion mass, H ∼ m3/2, with amplitude
of ∼ f . Thus, its the abundance is4
ρs
s
∼ TR
8
(
θf
MP
)2
∼ 2× 10−9 GeV
(
TR
105 GeV
)(
f
1012 GeV
)2
θ2, (17)
3 In the KSVZ model, the axino may radiatively obtain a mass from the gauge mediation effect as
m
(GMSB)
a˜ ∼ y2Aφ/pi2 with Aφ being the soft SUSY breaking A-term related to the superpotential Wφ.
This contribution is small enough once we assume that the gauge-mediation contribution to the saxion
mass is small enough.
4 For the KSVZ model, thermal effects may be marginally important for interesting parameter regions [54–
56].
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where θ ∼ O(0.1) represents the uncertainly of the initial amplitude. Saxions are also
produced thermally by the scatterings of particles in thermal bath, but it is subdominant
or at most comparable to the coherent oscillation for the parameters of our interest. The
lifetime of the saxion (assuming that it mainly decays into the axion pair) is given by [5, 57]
τs '
(
x2m3s
32pif 2aN
2
DW
)−1
∼ 2× 102 secx−2
(
1 GeV
ms
)3(
faNDW
1012 GeV
)2
, (18)
where x ≡ (〈|φ|2〉 − 〈|φ¯|2〉) / (〈|φ|2〉+ 〈|φ¯|2〉) is in general an O(0.1) numerical coefficient.
Therefore it may decay after the Big-Bang Nucleosynthesis (BBN) begins and hence we must
take care of the BBN constraint. Although the saxion dominantly decays into the axion
pair, a small fraction goes into the visible sector. For the saxion mass of ∼ 1 GeV, it may
decay into two photons and two mesons. First, the branching fraction of two-photon decay
is about Br ∼ α2EMN2DW/(8pi2x2) ∼ 10−6 with αEM being electro-magnetic fine structure
constant. It is harmless for this mass range since the constraint reads Br(ρs/s) . 10−9 GeV
for τs ∼ 104 sec, for example [58]. (See also Ref. [59] for more detailed constraints in
a similar setup.) Second, the branching fraction of two-meson decay is expected to be
Bh ∼ α2sN2DW/(pix)2 ∼ 10−3 with αs being the QCD fine structure constant. According to
Ref. [60], the constraint roughly reads Bh(ρs/s)/ms . 10−10 − 10−9 for τs ' 102 − 105 sec.
This is also not a strong constraint in the parameter ranges of our interest. Let us also
comment on the constraint from the axion dark radiation abundance. It requires that the
extra effective number of neutrino species should be smaller than O(0.1) [15], which roughly
means that the saxion must decay before it dominates the universe [13, 59]. From Eq.(17)
and Eq.(18), it is well satisfied in the parameter ranges of our interest.
Finally, the lightest SUSY particle except for the gravitino/axino (stau, for example) can
decay into the gravitino/axino that may be able to affect BBN. For the stau mass mτ˜ larger
than 200 GeV and m3/2 ∼ 1 GeV, the BBN bound is safely evaded [61].
IV. CONCLUSIONS
We have shown that SUSY axion models naturally predict the gravitino/axino LSP-NLSP
system, and the lifetime of the NLSP becomes of the order of the present age of the universe
for natural parameter ranges of the PQ breaking scale and the reheating temperature. This
is a good example of the so-called decaying DM scenario, which is recently introduced in the
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context of tensions between cosmological parameters deduced from the CMB observation
and low-redshift astronomical observations. Taking the tension seriously, the decaying DM
scenario is one of the options as an extension of the ΛCDM model and hence it is worth
studying whether such a model is natural or not from the particle physics point of view.
If the cosmological tension is really explained by the gravitino/axino decaying DM sce-
nario, there are several observable predictions. First, the PQ scale is close to 1012 GeV and
the axion coherent oscillation is expected to constitute sizable fraction of DM. It is within
the reach of the cavity search experiment [62–64]. The future of proposed experiment to
measure the effect of long-range force mediated by the axion may also be sensitive to this
axion mass scale [65]. Second, the lightest SUSY particle except for the gravitino/axino
is long-lived at the collider scale. If it is the stau, charged tracks may be observed at the
LHC. The current bound [66] is mτ˜ & 360 GeV and the future data at 14 TeV LHC might
probe up to mτ˜ ' 1.20 TeV [67]. Thus the discovery of both the axion and long-lived SUSY
particle signatures would test or support our scenario.
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